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Induction of apoptosis during development of hypertensive ure from hypertension are not yet clarified. Apoptosis,
nephrosclerosis. or programmed cell death, is typically a subtle ongoing
Background. As the biology of programmed cell death, or process in vivo in the healthy kidney, but several studiesapoptosis, is clarified, a role for this process in the pathophysiol-
have now suggested that in certain pathologic conditions,ogy of organ dysfunction and fibrosis has been hypothesized.
alteration of the apoptotic pathways may result in a lossHypertensive nephrosclerosis represents an important cause
of end-stage renal disease. One model of the progressive, non- of otherwise healthy cells and may contribute to the
inflammatory, sclerotic renal lesion of hypertension is the Dahl/ decrease in kidney function [3–5]. The role of apoptosis
Rapp salt-sensitive rat, which was examined in this study.
in development of hypertensive nephrosclerosis has notMethods. Male, Dahl/Rapp salt-sensitive (SS) and Sprague-
been determined.Dawley rats were placed on either 0.3 or 8.0% NaCl diets for
three weeks. Blood pressure was determined, and the kidneys The Dahl/Rapp salt-sensitive (SS) rat has served not
were harvested for histochemical analysis and to obtain total only as a model of salt-sensitive hypertension but also
RNA for RNase protection assays and total protein for Western hypertensive nephrosclerosis [6]. These animals devel-blotting.
oped a progressive hypertension-induced renal failure;Results. An increase in apoptosis in the glomerular and tubu-
over a four-week period, inulin clearance fell to levelslar compartments was observed only in kidneys of SS rats on
the high-salt diet. These findings occurred at a time when renal incompatible with life. Renal dysfunction was completely
function was markedly impaired and irreversible changes in re- reversible if blood pressure was corrected before three
nal morphology developed. Temporally associated with this weeks of hypertension. After three weeks on the high-increase in apoptosis was augmented expression of pro-apo-
salt diet, an apparent fixed reduction in inulin clearanceptotic molecules that included Fas, Bax, and Bcl-XS.
was observed, despite attempts to return the blood pres-Conclusions. The inappropriate shift in expression of pro-
teins that facilitate apoptosis in the nephron, along with ongo- sure toward normal. Detailed pathologic examination of
ing cell death that manifested at a time when renal function the kidneys demonstrated a noninflammatory, sclerotic
was deteriorating, supported an important role for this process
disease process in the arterioles, glomeruli, and tubu-in development of hypertensive nephrosclerosis.
lointerstitium [6]. Because fibrotic lesions in both kidney
[3, 4] and lung [7] have been associated with an increase
in apoptotic rates, we hypothesized that apoptosis con-As many as 43 million individuals in the United States
tributed to the loss of functional renal cells in the salt-suffer from high blood pressure [1]. Hypertensive nephro-
sensitive kidney during the development of hypertensivesclerosis is relatively less common, developing in approx-
nephrosclerosis. In the present study, kidneys of SS ratsimately 1 in 2500 hypertensive patients [2], but represents
given a standard high-salt diet were examined. The find-an important cause of end-stage renal failure. The patho-
ings supported an important role for apoptosis duringphysiologic processes that result in progressive renal fail-
development of renal failure in the SS rat.
1 See Editorial by Ortiz, p. 2235
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Studies were conducted using 24 male Dahl/Rapp salt-
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Table 1. Mean arterial pressure (MAP) of rats on gen (PCNA; Dako Corporation, Carpinteria, CA, USA),
days 7 and 21 of the study
1:1600 dilution, for 30 minutes at room temperature.
Day 7 Day 21 Slides were rinsed and covered with peroxidase-labeled
Group MAP, mm Hg polymer conjugated to goat anti-mouse IgG (Dako Envi-
sion System; Dako Corporation) containing 10% rat se-SS 0.3% NaCl 10764 11463
SS 8.0% NaCl 12661a 16967a rum for 30 minutes at room temperature, and color was
SD 0.3% NaCl 10563 11564 developed using 3,39-diaminobenzidine (DAB) chromo-SD 8.0% NaCl 11264 11864
gen solution (Dako). Cells were counterstained using
Abbreviations are: SS, salt-sensitive Dahl/Rapp rats; SD, Sprague-Dawley rats.
hematoxylin, and the slides were mounted in standardaP , 0.002 compared with MAP of the other three groups
fashion. As a negative control, the primary antibody was
omitted from the reaction.
To semiquantitate interstitial cellular proliferation,
was followed has been standardized in our laboratory cells with nuclear staining for PCNA were counted man-
[6, 8, 9]. Rats were housed under standard conditions ually in six fields observed at 320 magnification; counts
and given a formulated diet (AIN-76A; Dyets, Inc., Beth- from the six views were then averaged to produce an
lehem, PA, USA) that contained either 0.3 or 8.0% NaCl. interstitial proliferation index for each kidney. To deter-
These diets were prepared specifically to be identical in mine the number of proliferating cells in the glomerular
protein and electrolyte composition and differed only in compartment, PCNA-positive nuclei were counted in 25
NaCl and sucrose content. On days 7 and 21 of study, glomeruli. Four rats were examined in each group.
rats were anesthetized with ethyl,1-methylpropylthiobar-
biturate (Inactin; BYK Gulden, Hamburg, Germany), 100 In situ detection of DNA fragmentation using TUNEL
mg/kg, by intraperitoneal injection. Tracheostomy was In situ detection of DNA fragmentation was performed
performed using PE-240 tubing, followed by catheteriza- on tissue sections of SS and SD rats by incorporation of
tion of the right femoral artery with PE-50 tubing. Mean fluorescein-12-dUTP at the 39-OH ends of DNA using
arterial pressure (MAP) was monitored for 15 minutes terminal deoxynucleotidyl transferase (TdT)-mediated
using a computerized system (MacLab; Analog Digital dUTP nick-end labeling (TUNEL assay; Apoptosis De-
Instruments, Dunedin, New Zealand). Laparotomy was tection System, Fluorescein; Promega, Madison, WI,
then performed, and the kidneys were perfused in situ USA). Frozen sections, 5 mm in thickness, were cut using
through the aorta with cold isotonic heparinized saline a cryostat, mounted on poly l-lysine–coated slides, and
until blanched (50 to 60 mL saline over 2 minutes). Both fixed in 4% paraformaldehyde (Sigma Chemical Co., St.
kidneys were harvested under sterile conditions to obtain Louis, MO, USA) in phosphate buffer for 30 minutes at
protein for Western blotting and enzyme-linked immu- 48C. The slides were washed twice by immersion into
nosorbent assay (ELISA) and total RNA for RNase fresh PBS for five minutes at room temperature and then
protection assay. Some kidney tissue was also used for permeabilized in 0.2% Triton X-100 (Sigma Chemical
the isolation of glomeruli and tubule segments, as de- Co.) in PBS for five minutes on ice and rinsed in PBS
scribed later in this article. In some experiments, the for five minutes at room temperature. Following pre-
right kidney was harvested and frozen for immunofluo- equilibration in 100 mL of buffer containing 200 mmol/L
rescence studies. Kidney tissue was also placed in 4% potassium cacodylate, 25 mmol/L Tris-HCl, 0.2 mmol/L
paraformaldehyde in phosphate-buffered saline (PBS) dithiothreitol (DTT), 0.25 mg/mL bovine serum albumin
and embedded in paraffin. Sections 5 mm in thickness (BSA), and 2.5 mmol/L cobalt chloride, strands of DNA
were stained in routine fashion (hematoxylin and eosin were end labeled by incubation at 378C for one hour in
and periodic acid-Schiff). 50 mmol/L fluorescein-12-dUTP, 100 mmol/L dATP, 10
mmol/L Tris-HCl (pH 7.6), 1 mmol/L ethylenediamine-
Proliferating cell nuclear antigen staining and tetraacetic acid (EDTA), and TdT; the reaction was
semiquantitative analysis stopped by immersing the slides in 2 3 sodium chloride/
Paraffin-embedded sections were deparaffinized by sodium citrate hybridization solution for 15 minutes at
immersion twice into xylene for five minutes each, fol- room temperature. The slides were then stained by im-
lowed by immersion twice for three minutes each in mersion in propidium iodide (Sigma Chemical Co.), 1
100% ethanol and then 95% ethanol. Slides were rinsed mg/mL in PBS, for 15 minutes in the dark. After washing,
for 30 seconds using deionized water and then immersed the samples were mounted and examined and photo-
twice in deionized water for five minutes. Slides were graphed at 340 magnification using a fluorescence micro-
covered in 0.1% H2O2 for five minutes at room tempera- scope (Leica, Heidelberg, Germany) equipped with a
ture and then were incubated in 50 mmol/L Tris-HCl, pH digital camera (Model C5810; Hamamatsu Photonics
7.2, containing 10% goat serum and a mouse monoclonal KK, Hamamatsu City, Japan). For fluorescein, the exci-
tation and barrier filters were set at 450 to 490 and 515antibody directed against proliferating cell nuclear anti-
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Fig. 1. Examples of TUNEL-positive cells in paraffin-embedded sections obtained from kidneys of salt-sensitive (SS) rats on 0.3% and 8.0%
NaCl diets for 21 days. The left column of panels demonstrates fluorescein-positive cells in both the glomerulus (arrowheads) and adjacent tubules.
Fluorescein-positive cells were sparse in the top figure but widely represented in the middle panel. The bottom panel represents a higher magnification
and shows that lumen (L) of two tubular segments was dilated and filled with debris. The middle column shows the labeling with propidium iodide.
Colocalization of fluorescein staining with propidium iodide (right column) confirmed positive cell staining (yellow) in both glomeruli and tubules.
White bars represent 100 mm. Reproduction of this figure in color was made possible by an educational grant from Astra Zeneca.
to 560 nm, respectively. Red fluorescence of propidium Isolation of glomeruli and tubules
iodide was examined using excitation and barrier filters Glomeruli and tubules were isolated using a graded
of 515 to 560 and 580 nm, respectively. TUNEL was also sieving technique. After in situ perfusion, the renal corti-
performed using paraffin-embedded sections and methods ces from each rat were individually dissected and minced
similar to that described previously in this article. Pre- to a paste-like consistency. The homogenate was passed
treatment to deparaffinize the sections and permeabilize successively through a 106 mm metal sieve that excluded
the tissue using proteinase K followed protocols pro- blood vessels and a 75 mm nylon sieve that retained the
glomeruli and allowed cells and small tubular segmentsvided by the manufacturer of the TUNEL assay kit.
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(THERMOmax; Molecular Devices Corp., Palo Alto, CA,
USA). As positive controls, portions of each isolated
glomerular and tubular preparations were resuspended
in DNase reaction buffer (50 mmol/L Tris-HCl, pH 7.5,
10 mmol/L MnCl2, and BSA 50 mg/mL), and then 2 mg
DNase I (Sigma Chemical Co.) were added to the sam-
ples, which were incubated at 378C for 10 minutes. The
cells were then pelleted and resuspended in lysis buffer,
and 20 mL of lysate were used for ELISA.
Western blot analysis
Renal cortices from SS and SD rats on the 0.3% and
8.0% NaCl diets for 7 and 21 days were diced into small
pieces and chilled in 3 mL of ice-cold RIPA buffer per
Fig. 2. Results of ELISA for quantitation of cytoplasmic nucleosome
gram of tissue and then homogenized (Omni-Mixerlevels. Glomerular and tubular segment preparations from kidneys of
( ) SS rats on the 8.0% NaCl diet for 21 days demonstrated increased 17105; Omni, Waterbury, CT, USA) in a standard fash-
(P , 0.05) cytoplasmic levels of nucleosomes compared with corre- ion. In addition, glomeruli and tubules that were freshly
sponding samples obtained from kidneys of (j) SS rats on the 0.3%
isolated from the SS rats on 0.3% and 8.0% NaCl dietsNaCl diet for 21 days.
for 21 days were pelleted and dissolved in RIPA buffer
with freshly added inhibitors that included aprotinin (10
mg/mL) and leupeptin (10 mg/mL). Reagents were from
to pass through. Glomeruli and tubules were washed Sigma Chemical Co. The solutions were mixed gently
three times with ice-cold PBS at 120 3 g for five minutes. and incubated on ice for 30 minutes and then homoge-
The pelleted glomeruli and tubules were then resus- nized by passage through a 21-gauge needle. Thirty mi-
pended in radioimmunoprecipitation assay (RIPA) buffer croliters of phenylmethylsulfonyl fluoride (PMSF; 10 mg/
[50 mmol/L Tris-HCl, 150 mmol/L NaCl, 1 mmol/L diso- mL) were added per gram of tissue and incubated on
dium EDTA, 0.1 mmol/L egtazic acid (EGTA), 1.0% ice for 30 minutes. Samples were centrifuged at 15,000 3 g
Nonidet P-40, 0.1% sodium dodecyl sulfate (SDS), 0.5% for 20 minutes at 48C, and the supernatant was harvested.
sodium deoxycholate] and processed for total protein Total protein of each sample was determined using a kit
assay. Lysates from glomeruli and tubules were used as (Micro BCA protein assay reagent kit; Pierce, Rockford,
described later in this article for Western blotting and IL, USA). For each experiment that examined a protein
ELISA analysis. All glomerular preparations consisted of interest, all samples were processed simultaneously.
of more than 95% glomeruli with minimal tubular con- Samples containing 60 mg of total protein were boiled
tamination, as assessed visually at 340 magnification. in SDS-Laemmli sample buffer for five minutes and then
resolved using either 12 or 8% SDS-polyacrylamide gel
Apoptosis quantitation by nucleosome detection electrophoresis (SDS-PAGE) and transferred to nitro-
Cytoplasmic histone-associated DNA fragments (mono- cellulose membrane. Following incubation in blocking
nucleosomes and oligonucleosomes) in isolated glomeruli buffer (10 mmol/L Tris, pH 7.5, containing 10% nonfat
and tubules were quantitated using ELISA (Cell Death dry milk, 100 mmol/L NaCl, and 0.1% Tween 20), the
Detection ELISA Plus; Boehringer Mannheim, Mann- membranes were separately probed with polyclonal anti-
heim, Germany), following the protocol provided by the rat Bcl-XL/S (Santa Cruz Biotechnology, Inc., Santa Cruz,
manufacturer. Briefly, 20 mL of lysate from glomeruli CA, USA), polyclonal anti-Bcl-2 (Santa Cruz Biotech-
and tubules in lysis buffer provided in the kit were trans- nology, Inc.), polyclonal anti-Bax (Oncogene Research
ferred into streptavidin-coated wells of a microplate. Products, Cambridge, MA, USA), monoclonal anti-Fas
Eighty microliters of the immunoreagent mix, which con- antigen (Fas/CD95/APO-1; Transduction Laboratories,
tained biotin-labeled monoclonal antihistone antibody Lexington, KY, USA), and goat polyclonal IgG directed
and peroxidase-conjugated monoclonal anti-DNA anti- against the N-terminal region of Fas antigen ligand (FasL/
body in incubation buffer, was added to each well and CD95 l/APO-1R; sc-834; Santa Cruz Biotechnology), all
incubated for two hours at room temperature with vigor- in blocking buffer for two hours at room temperature.
ous shaking (300 r.p.m.). The wells were washed three The membranes were then washed five times with Tris-
times with incubation buffer, and color was developed buffered saline (TBS)-Tween and were incubated with
by adding 100 mL of peroxidase substrate solution into horseradish peroxidase-conjugated anti-IgG antibody
each well and incubating at room temperature with shak- (Bio-Rad, Hercules, CA, USA), 1:20,000 dilution, in block-
ing (250 r.p.m.) for about 10 minutes. Optical density ing buffer. After three additional washes using TBS-
Tween, the membrane was developed using an enhancedwas determined at 405 nm using a microplate reader
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Fig. 3. Light micrographs from kidneys of SS rats on the 8.0% NaCl diet for 21 days. Apoptotic cells and bodies (arrowheads) were seen in a
sclerotic portion of a glomerulus (A) and in a degenerating tubule (arrows; B). C, represents a higher magnification of a tubule with an apoptotic
cell (arrowhead) present in a cast and another present in a dilated tubule. Black bars represent 20 mm in A and C and 100 mm in panel B.
Fig. 4. RNase protection assay using total
RNA obtained from SS and SD rats on the two
diets for seven days. Relative mRNA levels of
Bax, Bcl-2, and Bcl-XL/S did not differ among
the four groups. Symbols are: (j) SS on 0.3%
NaCl; (h) SS on 8.0% NaCl; ( ) SD on 0.3%
NaCl; ( ) SD on 8.0% NaCl.
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Fig. 5. Western blots using lysates obtained
from SS and SD rats on the two diets for seven
days. Expression of pro-apoptotic proteins
that included Fas, FasL, Bax, and Bcl-XS did
not differ among the four groups. A slight but
significant increase in Bcl-2 protein level was
observed in kidneys from SS rats on the high-
salt diet. Kidneys from both SS and SD rats
on 8.0% NaCl diet for seven days contained
increased levels of Bcl-XL compared with sam-
ples obtained from animals on the low-salt
diet for the same duration. Symbols are: (j)
SS on 0.3% NaCl; (h) SS on 8.0% NaCl; ( )
SD on 0.3% NaCl; ( ) SD on 8.0% NaCl.
*P , 0.05 compared with the other three
groups; †P , 0.05 compared with correspond-
ing groups of rats on the low-salt diet.
chemiluminescent (ECL) Western blotting system and separated in denaturing gels containing 5% polyacryl-
Hyperfilm (Amersham International plc., Buckingham- amide and 8 mol/L urea. The dried gels were exposed
shire, UK). The films were scanned using a densitometer to XAR-5 film (Kodak, Rochester, NY, USA) at 2808C.
to quantitate density of bands (Model 620 Video Densi- The identity of the protected bands, which in general
tometer; Bio-Rad, Inc.). were about 29 nucleotides smaller than the correspond-
ing protected bands, were confirmed in standard fashion
by plotting the migration distance (in centimeters) versus
RNase protection assay
nucleotide length of the unprotected bands, then de-
Total RNA was isolated from freshly renal cortices in termining migration distance of the protected bands and
standard fashion by a single-step method of acid guanidin- calculating the length; this value was then compared with
ium thiocyanate-phenol chloroform extraction and probed the expected length of each band. In addition, control
for specific RNA species using a kit [Rat Apoptosis
RNA was included in some experiments. The amount
Multi-Probe Template Set (rAPO-1) in the RiboQuantt
of each protected fragment was quantitated by scanningMulti-Probe RNase Protection Assay System; Phar-
densitometry (Model 620 Video Densitometer; Bio-RadMingen Co., San Diego, CA, USA], following the proto-
Inc.). Photographic images of the gels obtained at vary-col provided by manufacturer. Briefly, antisense RNA
ing time points were employed to optimize visualizationprobes were transcribed in vitro from the provided
of the bands of interest. The density of the glyceralde-rAPO-1 template and were labeled using 50 to 100 mCi
hyde-3-phosphate dehydrogenase (GAPDH) band in the[a-32P]UTP (10 mCi/mL; New England Nuclear Lite Sci-
same lane was used to normalize RNA loading.ence Production, Inc., Boston, MA, USA). Concentra-
tion and purity of RNA in each sample were determined
Statistical analysisusing optical density at 260 and 280 nm. Twenty micro-
Data were presented as mean 6 SE. Significant differ-grams of total RNA from each sample in 8 mL of hybrid-
ence among data sets was determined using either theization buffer were mixed with 2 mL of probe mixture
unpaired t-test or one-way analysis of variance with stan-(7 3 105 cpm). Hybridization proceeded for 16 hours at
dard post hoc testing (Statview, version 4.5; Abacus Con-568C, and then samples were digested with RNase for
cepts, Inc., Berkeley, CA, USA) where appropriate. A45 minutes at 308C. Protected hybrids were extracted
using phenol/chloroform, precipitated in ethanol, and P value of , 0.05 assigned statistical significance.
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Fig. 6. RNase protection assay using total
RNA obtained from SS and SD rats on the
two diets for 21 days. Steady-state levels of
mRNA of Fas and Bcl-XL/S were increased
only in kidneys from SS rats on the 8.0% NaCl
diet for 21 days. Fas was not readily evident
on this exposure, but with prolonged exposure
differences in Fas expression were observed.
Levels of FasL, Bax, and Bcl-2 did not differ
among the four groups. Symbols are: (j) SS
on 0.3% NaCl; (h) SS on 8.0% NaCl; ( )
SD on 0.3% NaCl; ( ) SD on 8.0% NaCl.
*P , 0.05 compared with the other three
groups.
RESULTS both diets. An increase in appearance of nucleosomes
in the cytoplasm, an indicator of DNA breakdown com-Apoptosis is increased in kidneys from SS rats on an
patible with apoptosis, was demonstrated in both glomer-8.0% NaCl diet
uli and tubules of SS rats on the high-salt diet for 21As expected from previous work [6, 8, 9], MAP, deter-
days, compared with samples obtained from SS rats onmined on days 7 and 21, was elevated only in SS rats on
the 0.3% NaCl diet for the same duration (Fig. 2). Asthe 8.0% NaCl diet (Table 1). Previous experience with
positive controls, samples of the same glomeruli anddevelopment of hypertensive nephrosclerosis in Dahl/
tubules harvested from both groups of SS rats were alsoRapp SS rats showed that severe and irreversible renal
treated with DNase I. Data from DNase I-treated glo-damage occurred by 21 days on the 8.0% NaCl diet
meruli (8.0% NaCl group, 1.6 6 0.1 OD/mg protein, vs.[6]. Examples of TUNEL-positive cells in glomeruli and
0.3% NaCl group, 1.3 6 0.2, P 5 0.1487) and tubulestubules were readily evident in kidneys from SS rats
(8.0% NaCl group, 0.6 6 0.03 OD/mg protein, vs. 0.3%given the 8.0% NaCl diet for 21 days (Fig. 1). TUNEL-
NaCl group, 0.6 6 0.04, P 5 0.5058) did not differ be-positive cells, predominantly in tubules, were sparsely
tween the two groups. Periodic acid-Schiff (PAS)–represented in frozen sections and paraffin-embedded
stained tissue demonstrated morphological evidence ofsections of kidneys from SS rats on the 0.3% NaCl diet
apoptosis, which was localized predominantly in areasand SD rats on both the 0.3% and 8.0% NaCl diets.
of glomerular scarring and tubular injury (Fig. 3).Given the difficulties in quantitating immunohistochem-
istry and the concern that not all TUNEL-positive cells
Expression of pro-apoptotic molecules are increasedrepresented apoptosis [10], an enzyme-linked immuno-
in kidneys from SS rats on the 8.0% NaCl dietassay (ELISA) was then used to determine the appear-
Using RNase-protection assay, steady-state mRNAance of nucleosomes in the cytoplasm of cells from
freshly isolated glomeruli and tubules from SS rats on levels of Fas, FasL, Bcl-2, Bax, and Bcl-XL/S were deter-
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Fig. 7. Western blots using lysates obtained
from SS and SD rats on the two diets for
21 days. Expression of pro-apoptotic proteins
that included Fas, Bax, and Bcl-XS were in-
creased only in kidneys from SS rats on the
8.0% NaCl diet. Kidneys from both SS and
SD rats on the 8.0% NaCl diet for 21 days
contained increased levels of Bcl-XL com-
pared with samples obtained from animals on
the low-salt diet for the same duration. Levels
of Bcl-2 appeared to be higher in kidneys from
SS rats on both diets compared with samples
from the SD kidneys. Dietary salt did not in-
fluence levels of Bcl-2 within the groups of SS
and SD rats. While renal cortical expression
of FasL did not differ in SS or SD rats on both
diets, expression appeared to be less in SD
rats compared with SS rats. Symbols are: (j)
SS on 0.3% NaCl; (h) SS on 8.0% NaCl; ( )
SD on 0.3% NaCl; ( ) SD on 8.0% NaCl.
*P , 0.05 compared with the other three
groups; †P , 0.05 compared with correspond-
ing groups of rats on the low-salt diet.
mined in whole kidney extracts obtained from SS and liferation in regions of the kidney over the experimental
SD rats on both the 0.3% and 8.0% NaCl. Day 7 was time period (Figs. 9 and 10). Compared with the other
chosen for study because SS rats at this time were ob- three groups, an increase (P , 0.05) in PCNA staining
served to be hypertensive but had no change in inulin was observed in the glomerular and interstitial compart-
clearance [6]. On day 7, no differences in whole kidney ments of kidneys of SS rats on 8.0% NaCl diet for seven
mRNA expression of these molecules were observed, days and persisted through day 21 of study (Fig. 10).
although Fas and FasL were not detected using this tech-
nique (Fig. 4). Western blotting did not demonstrate
DISCUSSIONchanges in protein levels of pro-apoptotic molecules that
Several excellent reviews described the molecularincluded Fas, FasL, Bax, and Bcl-XS (Fig. 5). By 21 days,
mechanisms of apoptosis and the important role of thishowever, steady-state levels of mRNA of Fas and Bcl-
process in normal cell turnover and during developmentXL/S increased only in kidneys from SS rats exposed to
[11–15]. Recent advances have suggested that derange-the high-salt diet (differences in Fas expression were only
ment of the apoptotic mechanism functions to accelerateevident with prolonged exposure of the film; Fig. 6).
organ dysfunction in a variety of fibrotic disease statesWestern blotting confirmed increased protein expression
[3–5, 7]. Using the Dahl/Rapp SS rat, the current studiesof Fas and Bcl-XS, and in addition demonstrated an in-
amplified these findings by demonstrating, to our knowl-crease in Bax in these kidneys (Fig. 7). Interestingly,
edge for the first time, acceleration of apoptosis in glo-renal expression of Bcl-XL appeared to increase in both
meruli and tubules in the setting of hypertensive nephro-SS and SD rats on the high-salt diet on days 7 and 21. To
sclerosis. Demonstration of apoptosis in resident cells ofdetermine the site of production of pro-apoptotic proteins,
both glomeruli and tubular segments confirmed a processrelative amounts of these proteins were determined in cell
that involved several different cell types in the kidney.lysates from sieved glomeruli and tubules obtained from
Associated with apoptosis was a temporal increase inSS kidneys on the two diets for 21 days. In lysates from
expression of pro-apoptotic proteins that included Fas,both tissues, levels of Fas, Bax, Bcl-XL, and Bcl-XS were
Bax, and Bcl-XS. In addition to apoptosis, PCNA staininggreater (P , 0.05) in SS rats on the high-salt diet com-
of nuclei in kidneys of SS rats on the high-salt diet waspared with rats on the 0.3% NaCl diet (Fig. 8).
Using an antibody to PCNA, we determined cell pro- increased, confirming a proliferative stimulus was also
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Fig. 8. Western blots using lysates from sam-
ples of glomerular and tubular segments ob-
tained from SS rats on the ( ) 0.3% NaCl
and the (j) 8.0% NaCl diets for 21 days. As
expected, levels of Fas, Bax, and Bcl-XS were
increased in glomerular and tubular cells of SS
rats on the high-salt diet. In addition, Bcl-XL
was also increased in both tissue extracts from
rats on the high-salt diet. *P , 0.05 compared
with the other three groups.
present. However, renal function deteriorated during derived from the same gene, bcl-x [26]. Bcl-XS is an alter-
natively sliced form that lacks an internal 63-amino acidthis time frame and therefore correlated positively with
apoptosis and inversely with proliferation rates, sug- domain, which contains regions thought to be important
in protein–protein interactions with Bax [26, 27]. Whilegesting that the stronger signal that determined outcome
was apoptosis. The data were also consistent with stimu- Bcl-XL is anti-apoptotic, in vertebrate cells, Bcl-XS is
pro-apoptotic [27]. At 7 and 21 days on the high-saltlation of several potential apoptotic pathways and ongo-
ing apoptosis throughout the kidney contributing to de- diet, kidneys from both SS and SD rats expressed greater
amounts of Bcl-XL than corresponding kidneys from ratsvelopment of renal failure from hypertension.
As reviewed by Adams and Cory, the Bcl-2 family of on the low-salt diet. Because blood pressure did not
increase in the SD rats, this effect on Bcl-XL appearedmolecules is integrally involved in programmed cell
death [12]. Susceptibility to apoptosis is directly linked to to be directly related to dietary salt intake. However,
increased expression of Bcl-XS was exclusively shown inrelative levels and interactions among the pro-apoptotic
and prosurvival members of this family [12, 16, 17]. Bax kidneys of SS rats on the 8.0% NaCl diet for 21 days.
Thus, both Bax and Bcl-XS appeared to play a role inis expressed in tubular [18, 19] and glomerular [20–22]
cells and correlates with apoptosis in the kidney [23]. In apoptosis in kidneys of SS rats during development of
hypertensive nephrosclerosis.our present study, Bax protein expression was increased
in the kidney at a time when apoptosis was present. Fas has also been shown to be important in apoptosis
in the kidney and is expressed in mesangial cells andSteady-state mRNA did not show a concomitant in-
crease, suggesting a p53-independent mechanism [24]. renal epithelial cells [28, 29]. Over the course of the
present study, an increase in dietary salt did not alterThere is precedence for a p53-independent process stim-
ulating Bax protein levels and apoptosis; this mechanism expression of FasL, relative to control values obtained
from rats on the low-salt diet. At seven days on 8.0%was demonstrated in a rat model of left ventricular hy-
pertrophy [25]. The correlation of increased expression NaCl diet, Fas expression did not change. In contrast,
by 21 days on the high-salt diet, the expression of Fasof Bax with apoptosis supported a role for Bax in hyper-
tensive nephrosclerosis. increased in glomeruli and tubule segments of salt-sensi-
tive kidneys, as assessed by RNase protection assay andIn the current study, renal expression of Bcl-XL and
Bcl-XS, two members of the Bcl-2 family [26], was also Western blotting. While the present study did not conclu-
sively demonstrate that the increase in Fas promotedaltered. Both Bcl-XL and Bcl-XS have been shown to be
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Fig. 9. Immunohistochemistry using antibody to PCNA showing a marked increase in nuclear staining in kidneys of SS rats on the 8.0% NaCl
diet for three weeks. Cells exhibiting nuclear staining were readily observed in glomeruli (arrowheads) and in tubular cells (arrows). Positive
staining of cells in kidneys from the other three groups was occasionally observed. Black bar represents 50 mm.
initiate programmed cell death in renal epithelial cells
in vitro [29].
In summary, the current study examined the nonin-
flammatory sclerotic reaction known as hypertensive
nephrosclerosis and observed an increase in apoptosis
in glomeruli and tubular segments of kidneys from the
Dahl/Rapp SS rat. Associated with apoptosis was an in-
crease in expression of Bax, Bcl-XS, and Fas. The findings
are consistent with activation of several pro-apoptotic
pathways that accelerated programmed cell death, which
contribute to the premature aging of the kidneys in the
setting of untreated hypertension. Finally, given the un-
usual propensity of the SS rat to develop renal failure,
the data suggest a potential genetic abnormality(s) in
programmed cell death as a component of hypertensive
nephrosclerosis in this inbred rat strain.
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